Introduction
============

To protect microbial contamination of anesthesia machines' breathing circuit system (BCS) used for patients undergoing general anesthesia, two possibilities are common: changing the complete BCS after each patient if no airway filter system is used, or prolonged use of BCS in combination with airway system filters, preferable heat and moisture exchange filters (HMEF). While the HMEF is intended for single use only, BCS can either be single used or reused. The filtration efficacy and safety of HMEF are well studied \[[@R1]\], \[[@R2]\], \[[@R3]\], however, there is still limited clinical evidence on the optimal duration for prolonged BCS usage when used for more than 24 hours in operating room settings \[[@R4]\], \[[@R5]\], \[[@R6]\], \[[@R7]\], \[[@R8]\]. Existing recommendations differ, e.g. the CDC (Centers for Disease Control and Prevention, USA) guidelines recommend the change of BCS after each patient without recommendation for the use of HMEF \[[@R9]\]. The German Robert Koch-Institute recommends the change of BCS after each patient or the change of BCS after 24 h when used together with HMEF \[[@R10]\]. And the Association of periOperative Registered Nurses (AORN) recommends maximum usage of BCS for up to one week only in combination with HMEF \[[@R11]\].

Because of the existing uncertainty on the duration of use, the goal of our study was to conduct a randomized longitudinal prospective trial to investigate the microbial contamination of an HMEF protected BCS over 1, 2, 5, and 7 days of usage.

Methods
=======

Ultipor 25^®^(PALL AG, Dreieich, Germany) was used as HMEF. The BCS used was Tyco^®^ 300/13324 (Mallinckrodt, Mirandola, Italy), the anesthesia-ventilators were Primus^®^ (Draeger, Lübeck, Germany). All HMEF were changed after each patient. HMEF protected BCS were continuously used for multiple patients over 24 h, 48 h, 5 days or 7 days, respectively. A total of 378 patients were included into the study. In a total of 110 patients, BCS were changed completely after 24 h. In 75 patients, BCS were changed every 48 h. In 138 patients, BCS were changed after 5 days. And in 55 patients BCS were changed after 7 days. On average, 2 patients (range 1--6) were ventilated using the same BCS in 24 h. To avoid cross-contamination after each anesthesia, the surfaces of BCS and anesthesia bags were disinfected with a commercial alcohol-based product (Incidin Foam, Ecolab, Germany) with declared anti-HBV efficacy.

The study was approved by the ethics committee of the Ernst-Moritz-Arndt University of Greifswald (grant no. III UV 26/05). Informed consent was obtained from all participating patients. All general anesthesia were performed by anesthesiologists from the Department of Anesthesiology and Intensive Care Medicine of the University of Greifswald in the hospital's central operation rooms.

Basic demographic and medical data are presented in Table 1 [(Tab. 1)](#T1){ref-type="fig"}. Mean age over all groups was 56.6 years. Most participants were neurosurgical patients, typical indications for surgery being disc prolapses, spinal or cranial tumors. Age and type of surgery were pretty homogenous between groups.

Surgical interventions less than 0.5 hours were excluded as well as patients with ASA score ≥IV, patients with blood stream or respiratory tract infections, immuno-suppression and surgical interventions on the respiratory tract.

Furthermore, if BCS or HMEF were visibly soiled or damaged, results were excluded from the study. All BCS or HMEF were checked and monitored for visible contamination and damages during surgical intervention in the operating room and routinely 3 times daily during the whole post-operative period of ventilation. The ventilator's alarm function (leakage alarm) was used to detect leakages in the BCS.

The pharyngeal and tracheal flora of the patient, as well as the contamination of the inner and outer surface of the BCS were microbiologically investigated. From each patient, pharyngeal swabs were taken immediately before intubation and after extubation. Additionally, swabs from the tip of the endo-tracheal tube and from both inner lumen sides of the HMEF (patient and machine side) were taken after extubation. The contamination inside of the BCS tube was investigated after the last surgical procedure on a day by sampling the condensation water followed by consecutive cultivation over 48 hours at 36°C. The outer surfaces of the BCS and the anesthesia bag were swabbed after each patient. Furthermore, samples from the condensation water inside the ventilator were taken weekly and cultivated over 48 hours at 36°C. All swabs were cultivated on Columbia blood agar with 5% sheep blood (Oxoid, Wedel, Germany) and transferred into thioglycolate bouillon. Additionally, samples from the respiratory tract were cultivated on chocolate agar (Oxoid) for detection of micro-aerophils. The Columbia plates and the thioglycolate bouillon were incubated for 48 hours at 36°C under aerobic conditions, the chocolate agar for 48 hours under 5% CO~2~ humid atmosphere at 36°C. Plates were visually evaluated after 6, 24, and 48 hours, and the grown colonies were differentiated morphologically and bio-chemically (ATB-System, Biomérieux, Nürtingen, Germany) using standard microbiological methods following recommendations of the German Society of Hygiene and Microbiology \[[@R12]\]. All included patients were followed up until discharge to detect any pneumonia.

Costs were calculated per patient for three possible scenarios: 1) change of BCS after each patient (without HMEF), 2) with HMEF and 3) change of BCS after 24 and 48 hours, and 7 days, respectively. Costs of used consumables are specific and negotiated list prices for the hospital where the study was conducted. Costs for personnel were obtained from the actual wage contract as provided by the Human Resource department, and time required for each procedures (preparation time, leak test, time to change HMEF, disinfection) was measured for each procedure directly under practical conditions.

Results
=======

None of the patients developed postoperative pneumonia. In all cases, respiratory tract flora was not detected behind the HMEF in the BCS (Table 2 [(Tab. 2)](#T2){ref-type="fig"}), and all condensation water samples obtained from the BCS yielded no growth. In 11% of samples of the patient's side of the HMEF, organisms from the respiratory flora were present. In two samples obtained from the patient side of the HMEF, pathogenic organisms were detectable, once *Klebsiella pneumoniae* and in another sample *Proteus mirabilis* (Table 2 [(Tab. 2)](#T2){ref-type="fig"}). These samples, however, were positive in very small bacterial numbers and were detected only after bouillon enrichment. The origin of each of both pathogens was the respiratory tract flora of the corresponding patient. All patients' respiratory tract samples yielded micro-organisms, none of these micro-organisms were present in the machine side of the HMEF or the inner side of the BCS lumen.

Samples from the surface of the respiratory bags yielded high microbial numbers during all investigated time points with stable total bacterial counts but increasing proportion of pathogenic organisms over time, mostly Methicillin-sensitive *Staphylococcus aureus* (Table 2 [(Tab. 2)](#T2){ref-type="fig"}). *K. pneumoniae* was detected on the outside surface of the BCS and of the respiratory bag, while *P. mirabilis* grew only on the respiratory bag (Table 2 [(Tab. 2)](#T2){ref-type="fig"}). The outer surfaces of the BCS were less frequently contaminated. The origin of these contaminations were mainly tracheal flora (bags), followed by aerobe flora (bags and BCS). Contamination of respiratory bag was mostly higher than of BCS.

Single-use of the BCS showed to be less economical than using the combination of BCS and HMEF for consecutive patients (Table 3 [(Tab. 3)](#T3){ref-type="fig"}). Cost for the HMEF was more than compensated by sparing the use of a new BCS and indirectly by shorten the preparation time before the next patient; thus, using the BCS for 24 hours provides a cost savings of up to 40% versus single use. Extending the change interval from 24 hours to 48 hours saved over 50% compared to change after each patient, and an additional 19% compared to change after 24 hours.

Discussion
==========

Our study confirmed previous findings from other authors that a HMEF effectively protects the BCS and from microbial contamination, thus allowing to use the BCS over 7 days on multiple patients \[[@R2]\], \[[@R4]\], \[[@R13]\], \[[@R14]\], \[[@R15]\], \[[@R16]\], \[[@R17]\]. All samples obtained from the ventilators and the condensation water yielded no growth. If the HMEF would have been an ineffective bacterial barrier, it would be expected to yield qualitatively the same flora on the machine side of the filter \[[@R17]\]. Based on the results of our study, the Ultipor 25^®^ appears to be a reliable bi-directional barrier against bacterial contamination. An additional benefit of the usage of HMEF is protection of the ventilator itself. This is of special importance for portable ventilators (e.g. Draeger Oxylog^®^), as disinfection of its inner part is complicated and time consuming.

High contamination on the surface of the respiratory bags and to a lesser extent on the outer surface of the BCS itself were observed. The contamination of the bags might have occurred during induction and extubation by transmission of respiratory tract flora via hands of anesthesia personnel or aerogenous route from the patient. Most interestingly, in two samples obtained from the patient side of the HMEF, pathogenic organisms were detectable, once *Klebsiella pneumoniae* and in another sample *Proteus mirabilis*. Although these samples were positive in very small numbers and were detected only after bouillon enrichment, the origin of each of both pathogens was the respiratory tract flora of the corresponding patients, most likely indicating that the organisms contaminated the environment during intubation or extubation.

For the environmental organisms detected also accidental dropping of the reparatory bag on the floor is not uncommon during anesthesia and can easily lead to additional contamination with environmental organisms. Contamination of bags close to the airway system, however, is critical because of the risk of contamination of staff and horizontal transmission via hands. The results underline the necessity of disinfection of the respiratory bags and the outer surface of BCS after each patient, independently of the changing intervals of HMEF and BCS. Further research is needed to quantify the possible risk of cross-infection via this route.

In order to calculate the cost-benefit situation by prolonged use of the BCS in combination with a HMEF, we analyzed staff and material costs for each change. As expected, staff costs were the biggest part of the total costs. Reducing the number of changes reduced the costs mainly by reducing the time of staff allotted to this task. Of course this might be only the case in high-wage countries, and the potential of financial saving in other regions of the world might be much less. Also, shorter preparation times before the next surgical procedure do not automatically free staff for other tasks, as peak staffing requirements will remain unchanged and the time saved is often too short for other meaningful work. However, the saved time can be better used for higher levels of patient care as well as to improve inter-staff communication, ultimatively leading to a higher quality of care and optimized processes in the operation theatre. Changing of the BCS after each patient is the most expensive variant and offers no clinical or economic benefit. In our study extending the changing interval of the BCS from single use to 24 and 48 hours, and to 7 days allowed cost saving of 41% per surgical procedure. Finally, using BCS together with HMEF on multiple patients saves thousands of tons of medical waste and plastics per year, helping to protect the environment.

Our study has a number of limitations. Several groups of patients with increased risk of infection were excluded because of patient safety concerns. Furthermore, soiling of the BCS was only checked visually by anesthesia personnel, reflecting the normal way in everyday practice. Most noticeably, microbial monitoring was limited to cultural assessment of bacterial contamination. The rational for this was that detection of bacteria is a sensitive indicator for the total microbial contamination.

Notes
=====
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